Abstract. Small-angle correlations of pairs of protons emitted in central collisions of Ca + Ca, Ru + Ru and Au + Au at beam energies from 400 to 1500 MeV per nucleon are investigated with the FOPI detector system at SIS/GSI Darmstadt. Dependences on system size and beam energy are presented which extend the experimental data basis of pp correlations in the SIS energy range substantially. The size of the protonemitting source is estimated by comparing the experimental data with the output of a final-state interaction model which utilizes either static Gaussian sources or the one-body phase-space distribution of protons provided by the BUU transport approach. The trends in the experimental data, i.e. system size and beam energy dependences, are well reproduced by this hybrid model. However, the pp correlation function is found rather insensitive to the stiffness of the equation of state entering the transport model calculations.
Introduction
Two-proton correlation functions at small relative momenta can probe the space-time extent of the reaction zone created in energetic heavy-ion reactions. This is due to the fact that the magnitude of nuclear and Coulomb final-state interactions (FSI) as well as antisymmetrization effects depend on the spatial separation of the two protons during the emission process . Usually, the correlation functions are evaluated as a funca e-mail: kotte@fz-rossendorf.de tion of the magnitude q of the relative momentum vector q = (p 1 − p 2 )/2. The interplay of the attractive S-wave nuclear interaction and the Coulomb repulsion and antisymmetrization produce a minimum at q = 0 and a maximum in the correlation function at q ∼ 20 MeV/c [1]. Most analyses give only upper limits for the spatial extent of the source due to the ambiguity of radius and lifetime of the source, i.e. model calculations simulating large sources with short lifetimes will give very similar correlation functions as model calculations simulating small sources with long lifetimes [1, 5] .
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The European Physical Journal A At beam energies below about 100 A · MeV, heavy-ion experiments performed mainly at the National Superconducting Cyclotron Laboratory (NSCL) at Michigan State University (MSU) [3, 5, [11] [12] [13] [14] [15] [16] [17] allowed for systematic investigations of pp small-angle correlations. Furthermore, new methods allowing to deduce the emission source function from two-particle correlations have been proposed. Thus, recently, the technique of source imaging [23] [24] [25] [26] , i.e. the numerical inversion of the correlation function, has been applied successfully to pp correlations studied in heavy-ion experiments not only in the MSU-NSCL energy range [23, 27, 28 ] but also at significantly higher beam energies provided by the Brookhaven-AGS [29] or even by the CERN-SPS [30] .
However, in the energy domain of the heavy-ion synchrotron SIS at GSI Darmstadt, ranging from about 100 to 2000 A·MeV, only few data on pp correlations are available: proton-proton correlations at small relative momenta were measured with the "Plastic Ball" at BEVALAC for two systems, Ca on Ca and Nb on Nb, at 400 A · MeV as a function of proton multiplicity [9] . Freeze-out densities of about 25% of normal nuclear-matter density were extracted. Two-proton small-angle correlations were studied at SATURNE in Ar + Au reactions at 200 A · MeV [10] and in Ne-and Ar-nucleus collisions between 200 and 1000 A · MeV [4] . Breakup densities and time scales in spectator fragmentation following the reaction Au + Au at 1 A · GeV were investigated with the ALADiN spectrometer at SIS/GSI [18, 19] . Finally, the space-time extent of the proton-emitting source was studied with the 4π detector FOPI measuring central collisions of Ni + Ni at 1930 A·MeV and of Ru + Ru at 400 A·MeV [20, 22] . Consequently, the extension of the pp-correlation data base is highly desirable.
Since the theoretical pp correlation function only requires the knowledge of the one-body phase-space distribution of protons, it is possible to generate small-angle correlations with any microscopic theory that calculates the time evolution of the one-body distribution function [7] . In addition to the usage of Gaussian source distributions we will also follow this procedure since it allows a more adequate comparison of experimental and theoretical correlation functions. Microscopic transport models, like Boltzmann-Uehling-Uhlenbeck (BUU) [6] [7] [8] or Quantum Molecular Dynamics (QMD) [31] in their various implementations, do not only allow to trace the expectation values of the positions of the various particles in coordinate space but also the corresponding time information. Moreover, they carry the correlation of coordinate and momentum space coordinates of the individual particles. This correlation is generated intrinsically during the expansion following the compression phase of the heavy-ion collision. On a macroscopic scale, the expansion constitutes a collective motion of the various particle species, called radial flow. Thus, it is natural to expect that a hybrid model consisting of BUU approach plus FSI model should be able to reproduce the experimental data and give the relevant insight into the physics of the heavy-ion collision until particle freeze out. (EoS) and/or the nucleon-nucleon cross-section within the nuclear medium. Earlier it was reported that the pp correlation function generated for 14 N + 27 Al collisions at 75 A·MeV is only weakly dependent on the EoS [5, 8] . It is not clear whether the sensitivity to the microscopic details of the transport approach increases for higher beam energies and/or heavier projectile-target combinations. Therefore, in the following we will study in a systematic way how the BUU+FSI hybrid model reproduces the data and what kind of information can be gained.
The paper is structured as follows: In sect. 2 the experimental basis is described shortly, the involved event classes are explained and the correlation function is defined. In sect. 3 the experimental pp correlation functions with their dependences on system size and beam energy are presented and compared to model predictions. Finally, the results are summarized in sect. 4.
The experiment
The experiments have been performed at the heavy-ion synchrotron SIS at GSI Darmstadt. Symmetric collisions are carried out by irradiating targets of 1% interaction thickness of 40 Ca and 197 Au with the corresponding ions of beam energies between 400 and 1500 A · MeV. At a projectile energy of 400 A · MeV the system of intermediate mass, 96 Ru + 96 Ru, is included which was explored extensively with respect to the space-time difference of light-charged particles emission in central collisions [22] .
The present analysis uses a subsample of the data, taken with the outer Plastic Wall/Helitron combination of the FOPI detector system [38, 39] . The Plastic Wall delivers -via energy loss vs. time-of-flight (TOF) measurement-the nuclear charge Z and the velocity β of the produced particles and the corresponding hit positions. The Helitron gives the curvature (which is a measure of momentum over charge (p/Z)) of the particle track in the field of a large superconducting solenoid. Since the momentum resolution of the Helitron is rather moderate, this detector component serves for particle identification only. The mass m is determined via mc = (p/Z) Hel /(βγ/Z) Pla , where γ = (1−β 2 ) −1/2 . The Plastic Wall and the Helitron have full overlap only for polar angles between 8.5 degrees and 26.5 degrees. The corresponding flight paths amount to 450 cm and 380 cm, respectively. Monte Carlo simulations have been performed in order to study the influence of the finite detector granularity and of the TOF and position resolutions on the velocity and finally on the proton momentum. The resolution of both quantities is governed by the TOF resolution, which is σ TOF = 80 (120) ps for short (long) scintillator strips located at small (large) polar angles [38] . The velocity can be determined with a precision of δβ/β < 1%.
